ABSTRACT
INTRODUCTION
The rising epidemic of obesity affects all age groups and social strata. In the USA, the prevalence of obese women aged 20-39 years rose from 28.4% in 1999 to 31.9% in 2010 1 . A high incidence of obesity is also observed in Europe, with a prevalence of 10%, ranging from 7.1% in Poland to 20.7% in Scotland 2 .
In pregnant women, obesity may lead to complications for the mother and infant, into childhood and beyond. Obesity during pregnancy is associated with an increase in the use of healthcare services 3 and with a higher risk of fetal abnormalities [4] [5] [6] [7] [8] . Unfortunately, despite the improvement in ultrasound imaging (e.g. compound and tissue harmonic image processing) 9 and even when examinations are repeated 10, 11 , the assessment of fetal anatomy is less thorough in this high medicolegal-risk group 12, 13 , and the ability to detect malformations decreases as body mass index (BMI) increases [13] [14] [15] . Ultrasound image construction uses equations that contain the value of the propagation velocity of sound waves; this velocity is assumed conventionally to be constant and equal to 1540 m/s in the human body. Since 1977, all manufacturers of ultrasound scanners have used this value, which was first established in 1950 [16] [17] [18] [19] [20] . In fatty tissue, however, the actual propagation velocity is only in the order of 1450 m/s 21 . Several studies have assessed the effect of propagation velocity on image quality according to the tissue traversed, especially in fatty tissues such as the breast; their findings suggest that taking into account slower propagation speeds would improve the quality of images obtained from fatty tissues [22] [23] [24] . This topic has not been studied in other, more heterogeneous but largely fatty, propagation media such as in obese patients. Currently, obstetric ultrasound examinations are performed based on a constant propagation velocity of 1540 m/s.
The main objective of this study was to evaluate how taking different ultrasonic propagation velocities into account during image construction can influence the intrinsic quality of the image, in terms of sharpness and precision, in obese women during the second trimester of pregnancy. The secondary objective was to assess this influence according to different fetal organs and their tissue characteristics, analyzing whether adiposity and characteristics of the maternal abdominal wall could affect the choice between the conventional velocity of 1540 m/s and lower velocities, in order to obtain the most clinically acceptable image quality.
PATIENTS AND METHODS

Study design
This descriptive cross-sectional study took place from 1 June to 15 July 2015, using data collected previously. The protocol was submitted to the appropriate French ethics committee, who determined that the study was not subject to French laws on biomedical research and did not require specific approval.
Scanning planes from 32 obese pregnant women undergoing mid-trimester fetal ultrasound were collected for the study. These transabdominal ultrasound assessments were performed using an Aixplorer™ ultrasound machine (SuperSonic Imagine, Aix-en-Provence, France) with a curvilinear probe of 1-6-MHz and without elevation of the panniculus, if present. Per manufacturer's specifications, the machine offers four presets to take into account the following ultrasound propagation velocities: 1420 m/s, 1480 m/s, 1540 m/s and 1600 m/s. Two physicians (B.C. and D.L.) performed all ultrasound examinations and acquired the images between 1 December 2014 and 25 May 2015, at the Clermont-Ferrand University Hospital Center, France, and consensually validated them to standardize the selection. Both operators participated simultaneously in the examinations, one holding the probe and both observing the screen.
The images were obtained during the standard mid-trimester ultrasound examination between the 18 th and 26 th weeks of gestation in adult women who were obese according to the definition of the USA National Heart, Lung and Blood Institute, based on a prepregnancy BMI of ≥ 30 13, 14, [25] [26] [27] . We used no images showing fetal malformations or abnormal volume of amniotic fluid. The women were informed that photographs of the images from the fetal scan would be recorded and potentially used in this study; we did not use images from women who objected.
Ultrasound images were obtained according to national and international guidelines [28] [29] [30] [31] . We selected images from four fetal-specific scanning planes with different tissue characteristics that are considered to be difficult to obtain in obese women 12 : (1) the transverse plane of the biparietal diameter through the subarachnoid space, Sylvian fissure and both thalami; (2) the transverse four-chamber view of the heart; (3) the transverse abdominal plane showing the kidneys; and (4) the longitudinal plane used for femur-length measurement. Each of these four views was acquired in each patient at three different sound-velocity settings over the briefest possible period (a few seconds). The three images in each set were therefore identical except for the propagation velocity ( Figure 1 ). Of the velocity presets available on the ultrasound machine, we chose to evaluate the conventional velocity of 1540 m/s, and the velocities 1480 m/s and 1420 m/s. All other setting parameters were identical between the three images in each set. The sequence was excluded if there was any fetal movement between two successive images in a set. Twenty sets of each of the four planes were thus obtained (i.e. 80 sets) from the 32 women. Moreover, five sets of each of the four planes (i.e. 20 sets) were duplicated randomly to assess intraobserver agreement. Therefore, 100 sets were available for assessment by the expert panel.
The following information about the mothers was collected during the examination: maternal prepregnancy weight and height, and gestational age at examination. During the examination, we measured 'standardized' indicators of adiposity for each patient at a point midway between the umbilicus and the pubic symphysis, i.e. the subumbilical fatty layer thickness of the abdominal wall (SU-FLT) and the subumbilical probe-to-amniotic fluid distance (SU-PAFD).
In each organ-specific scanning plane, the fatty layer thickness (SSP-FLT) and the specific scanning plane probe-to-organ distance (SSP-POD) were measured as 'scanning-plane-specific' indicators of adiposity. In each of the four views, the organ landmarks for the SSP-POD measurement were defined as: the midline in the encephalic plane, the crossing of the interatrial and interventricular septa in the four-chamber view of the heart, the renal pelvis closest to the probe in the transverse abdominal plane through the kidneys and the midpoint of the femur in the longitudinal plane. These thickness measurements were performed by ultrasound using the preset propagation velocity of 1540 m/s.
All images were anonymized and exported from the hard drive of the ultrasound scanner in lossless JPEG format (720 × 680 dpi). They were then treated using Photofiltre 7.0 software (Antonio Da Cruz, France) only to delete the velocity setting information usually displayed on the screenshot. The image sets were ordered randomly, as was the position of each of the three images in each set. These random distributions were established using the RAND and secondarily the IRR (in increasing order) functions of Microsoft Excel 2013 (Microsoft, Redmond, WA, USA).
The group of raters was composed of medical doctors who were members of the French College of Fetal Ultrasound, and certified to perform fetal ultrasound. They were asked by e-mail to participate in the study. Their participation, from 1 June to 15 July 2015, was voluntary, anonymous and unremunerated.
The 100 sets of images were assembled into an online questionnaire (accessible only on computer and not on mobile devices) using Limesurvey™ software, Version 1.92+ Build 120 718 (LimeSurvey Project Team, Carsten Schmitz, Hamburg, Germany). The duration of the connection necessary to complete the questionnaire (i.e. duration of participation) was recorded. Only questionnaires fully completed during a single online session were included.
The anonymous questionnaire had two parts. The first part provided short guidance about the criteria of judgment of a picture (i.e. 'how informative is the image regardless of any anatomical considerations') and collected demographic data about the participating raters (age, sex, time since certification). The second part presented the 100 image sets one at a time; all three images of each set appeared simultaneously on the screen (Figure 2) . Raters, blinded to the propagation velocity settings, were asked to grade the quality of the three images in each set by ranking them from A (most acceptable) to C (least acceptable) and validating the grade. Each validation was final, and it was not possible to go back to any image.
Statistical analysis
Quantitative data were expressed as mean ± SD; all variables were tested for normality (Kolmogorov-Smirnov and Q-Q plots). Qualitative data were expressed as n (%) with contingency tables. Intrarater agreement was assessed using the kappa coefficient, good intrarater agreement (consistency) being defined as kappa ≥ 0.5 32 . The distributions of the A, B and C grades according to the three velocities tested were compared using the chisquare test. Acceptable images (i.e. A and B) were merged together and compared with the less acceptable (i.e. C) in order to assess the secondary objectives. Conventional ultrasound velocity (1540 m/s) was compared with both non-conventional lower velocities (1420 m/s and 1480 m/s). Both groups of velocity were related to maternal BMI and each ultrasound measurement of adiposity (i.e. SU-FLT, SU-PAFD, SSP-FLT and SSP-POD) using Student's t-test or the non-parametric Mann-Whitney U-test.
Statistical significance was set at P ≤ 0.05, and Bonferroni correction was used to adjust for post-hoc multiple testing 33 . SAS software version 9.4 (SAS Inc., Cary, NC, USA, 2002-2010) was used for analysis.
RESULTS
Obtaining 80 exploitable image sets required 32 patients, whose characteristics with respect to adiposity are shown in Table 1 .
The questionnaire was completed by 114 raters with a mean time since certification of 18.1 ± 10.2 years. Mean age of the raters was 49.8 ± 10.6 years, and 67.5% of them were women. Mean time spent rating the 100 sets of images was 55 ± 33.4 min. Mean intrarater agreement (kappa) was 0.35 ± 0.19. Thirty-five raters had a kappa ≥ 0.5 and could therefore be considered as consistent; their characteristics did not differ from those of the other 79 raters with respect to sex (P = 0.55), time since certification (P = 0.30) or time spent on completing the questionnaire (P = 0.62).
The distribution of A, B and C Grades, attributed by all 114 raters to each of the three presets of ultrasound propagation velocity evaluated, showed a significant difference in favor of 1480 m/s (P < 0.0001); the same was observed when considering the results of the 35 consistent raters (P < 0.0001) ( Table 2) .
Rating of image quality by the 35 consistent raters for each ultrasound velocity according to each specific scanning plane evaluated is presented in Table 3 . Analysis of the distribution showed a significant difference in favor of a propagation velocity of 1480 m/s for the encephalic and cardiac images and of 1420 m/s for the femur (P < 0.0001 for all tests performed). No significant difference was observed between the three propagation velocities for the abdominal plane at the level of the kidneys.
Considering standardized indicators of adiposity, regardless of the scanning plane evaluated, images classified as acceptable (Grade A or B) by the 35 consistent Data are presented as mean ± SD (range). BMI, body mass index (prepregnancy); GA, gestational age; SU-FLT, subumbilical fatty layer thickness; SU-PAFD, subumbilical probe-to-amniotic fluid distance.
raters were obtained more often using lower velocities rather than the conventional velocity in cases with higher SU-PAFD (P = 0.0001), but no significant difference was observed with respect to SU-FLT (Table 4) . When taking into account scanning-plane-specific indicators of adiposity, i.e. SSP-FLT and SSP-POD, the preference for images obtained using a lower velocity, compared with the conventional velocity, was also significant (P = 0.005 and P < 0.0001, respectively). Regarding visualization of each organ, the same trend, favorable to images obtained using lower velocities, was observed when taking into account scanning-plane-specific indicators of adiposity (i.e. SSP-FLT and SSP-POD) for biparietal diameter (for SSP-FLT only), kidneys and femur, but not for the heart. For standardized indicators of adiposity, the trends were heterogeneous (Table 5 ).
DISCUSSION
The principal objective of this study was to assess the influence of considering different propagation velocities of ultrasound on the intrinsic quality of ultrasound images, in terms of sharpness and precision, obtained during the second trimester of pregnancy in obese women. Our results, based on 27 360 image ratings, show clearly that velocity settings lower than the conventional velocity of 1540 m/s significantly improve image quality in obese women.
Slower velocities improve visualization of the fetal brain and heart, which are usually difficult to observe in this population 9, 12 , and of the femur, which requires clear edge definition. Such improvement is not observed for the kidney, a structure that remains more difficult to image whatever the woman's BMI 34 . Standardized maternal indicators of adiposity are not relevant for guiding the choice of an optimal ultrasound velocity in obese women. On the other hand, scanning-plane-specific indicators of adiposity seem to be relevant for selecting a velocity that is able to provide optimal image quality for the plane under consideration. Data are presented as n or n (%). *Significant P after adjustment for multiple comparisons (Bonferroni correction) < 0.017. BPD, biparietal diameter. Data are presented as n or mean ± SD. *Low velocity = 1420 m/s or 1480 m/s; conventional velocity = 1540 m/s. †P after adjustment for multiple comparisons (Bonferroni correction) < 0.017. BMI, body mass index; SSP-FLT, specific scanning plane fatty layer thickness; SSP-POD, specific scanning plane probe-to-organ distance; SU-FLT, subumbilical fatty layer thickness; SU-PAFD, subumbilical probe-toamniotic fluid distance.
In fact, standardized indicators are approximate markers of adiposity whereas scanning-plane-specific indicators reflect the actual anatomical distribution of fat in the locations in which the ultrasound probe operates. To our knowledge, no study has examined the influence of the ultrasound propagation velocity setting parameter in optimizing sonographic imaging in obese women, whether pregnant or not. Several studies have attempted to estimate ultrasound propagation velocity in tissues from algorithms of reconstruction 22, 24, [35] [36] [37] [38] , but none as a function of image quality or with such a large representative panel of experienced raters. In the present study, 1540 m/s was chosen as the universally accepted conventional ultrasound propagation velocity 18 , while 1420 m/s and 1480 m/s were selected from the available presettings of the ultrasound scanner because they are close to the velocity of ultrasound in fatty tissues (1430-1470 m/s), such as breast tissue [22] [23] [24] 29 . In contrast to studies intended to assess the anatomical quality of a scanning plane 40 , and given the lack of a published score enabling an objective assessment of the intrinsic quality of images, our study was based on subjective qualitative assessment by raters of images whose quality on the computer screen remained unchanged for the entire questionnaire period, which took place in a single session. Moreover, the raters' judgment was inevitably based on still images, which reflect imperfectly what the eyes perceive during a real-time ultrasound examination. On the other hand, in order to avoid any heterogeneity in the quality of the acquired images, both operators participated simultaneously in all ultrasound examinations, one holding the probe and both watching the screen.
The quality of ultrasound images constructed by the ultrasound software does not depend only on insonation depth, energy absorption and dispersion of the ultrasound beam 9 ; it is also governed in part by a distance-duration relationship according to the equation Z = cT/2 (where Z = depth, c = velocity of ultrasound propagation in a homogeneous medium and T = duration of the round trip of the wave between its source and target). Accordingly, construction of an image by the scanner based on the conventional velocity of 1540 m/s when the actual Data presented as n or mean ± SD. *Low velocity = 1420 m/s or 1480 m/s; conventional velocity = 1540 m/s. †Significant P after adjustment for multiple comparisons (Bonferroni correction) < 0.017. BMI, body mass index; BPD, biparietal diameter; SSP-FLT, specific scanning plane fatty layer thickness; SSP-POD, specific scanning plane probe-to-organ distance; SU-FLT, subumbilical fatty layer thickness; SU-PAFD, subumbilical probe-to-amniotic fluid distance.
velocity of propagation in the tissue studied is slower, leads to discrepancies in the distances measured, thus the reconstructed image of the target is represented at a site and scale different from reality 22 . Speckling is increased and lateral resolution and contrast are poor, so that a punctate object appears as a segment ('moustache effect') 22 . Accordingly, correction of the ultrasound velocity in imaging of the breast (mainly composed of fat) improves image quality [22] [23] [24] 29 . This tool for correcting image degradation appears to be useful 9 ; indeed, part of the round trip journey of the ultrasound wave takes place in an environment in which the velocity of propagation is low (i.e. fat), whereas in the other part it is conventional (i.e. muscle and other soft tissues). This heterogeneous constitution of the path traveled by the ultrasound wave explains why an image construction based solely on an ultrasound propagation velocity of 1540 m/s cannot provide an optimal image when fatty tissue represents a large part of its path.
These physical facts of tissue-related propagation velocity of ultrasound also address questions about biometry and morphology, based on the old consensus of a conventional velocity of 1540 m/s. What margin of error is acceptable in measurements if they are distorted because they are based on an inaccurate propagation velocity? This phenomenon is obviously marginal for measurements in the order of centimeters, but it is probably more significant for measurements at the precision level of a tenth of a mm, such as first-trimester nuchal translucency 28 . This issue is compounded by the impairment of lateral resolution, which increases the difficulty of assessing criteria such as caliper placement, when the observed structures appear with fuzzy edges. This may, at least partly, explain the small but significant positive relationship observed between maternal weight and nuchal translucency thickness 41 .
Obstetric ultrasound assessment of obese patients is associated with high medicolegal risk, because of a higher rate of malformations in addition to impaired screening and diagnosis in these patients [4] [5] [6] [7] [8] [12] [13] [14] [15] . Any tool that improves image sharpness and precision in this population is therefore a major improvement.
This study was conducted in the context of obstetric ultrasound, which is a well-standardized practice [28] [29] [30] [31] . Although no comparable studies have been published, we feel that our results could be extrapolated to other less standardized ultrasound domains, such as abdominal ultrasound.
Finally, our study shows that the ability to adapt ultrasound velocity to the thickness of the fatty layer and the probe-to-organ distance in any given scanning plane is a major advantage in an obese population. Modeling the velocity as a function of these scanning-plane-specific indicators of adiposity would be helpful in developing algorithms offering more relevant settings. Validation of the homogeneity of the biometric measurements according to the ultrasound propagation velocity remains an unanswered issue.
In conclusion, construction of a sonographic image using the conventional propagation velocity of ultrasound waves of 1540 m/s is not the most appropriate technique for the mid-trimester fetal scan in obese pregnant women, therefore, the option of using a lower velocity setting would be helpful for improving image quality and sharpness in such cases.
